The liver stages of malaria are clinically silent but have a central role in the Plasmodium life cycle. Liver stages of the parasite containing thousands of merozoites grow inside hepatocytes for several days without triggering an inflammatory response. We show here that Plasmodium uses a PEXEL/VTS motif to introduce the circumsporozoite (CS) protein into the hepatocyte cytoplasm and a nuclear localization signal (NLS) to enter its nucleus. CS outcompetes NFkB nuclear import, thus downregulating the expression of many genes controlled by NFkB, including those involved in inflammation. CS also influences the expression of over one thousand host genes involved in diverse metabolic processes to create a favorable niche for the parasite growth. The presence of CS in the hepatocyte enhances parasite growth of the liver stages in vitro and in vivo. These findings have far reaching implications for drug and vaccine development against the liver stages of the malaria parasite.
INTRODUCTION
Malaria infection is initiated by injection of Plasmodium sporozoites by mosquitoes into the host. Sporozoites rapidly home in the liver, invade hepatocytes where they develop in the cytoplasm inside a parasitophorous vacuole (PV), and grow into a schizont containing 10,000-30,000 merozoites. The liver stages, named exo-erythrocytic forms (EEFs), take several days to fully mature and release merozoites into the blood where they start the erythrocytic cycle. The biology of EEFs is mostly unknown, in part because they are very few in number, and difficult to isolate from the bulk of uninfected liver cells.
Plasmodium sporozoites are covered with a surface protein known as circumsporozoite (CS) protein. CS also covers the plasma membrane of EEFs and has been detected in the cytoplasm of the infected hepatocytes (Hollingdale et al., 1983) . Between 12-24 hr after invasion CS is associated with the outer rim of the hepatocyte nucleus (Hugel et al., 1996) . However, it is not known how CS (Mr. 40,000 Da) manages to traverse the membrane of the PV that is impermeable to the passage of macromolecules larger than 1400 Da (Desai and Rosenberg, 1997) . Plasmodium blood stages also reside inside a PV, and some parasite proteins are exported to the erythrocyte cytoplasm. Most exported molecules contain, in the Nterminus, a motif denominated pexel (plasmodium export element) (Marti et al., 2004) or VTS (vacuolar translocation signal) (Hiller et al., 2004) .
The entry of CS in the cytoplasm is paradoxical because CS is processed and presented on the surface of the hepatocytes where it is recognized by cytotoxic T cells (CTL) . Recent studies show in fact that CS is an immunodominant protective T cell antigen (Kumar et al., 2006) , raising the obvious question of why the parasite facilitates its demise. On the basis of an observation that CS inhibits in vitro translation it has been suggested that CS inhibits protein synthesis in infected hepatocytes (Frevert et al., 1998) . It was implied that this would block antigen presentation and parasite uses this as immune evasion mechanism. Recently a transgenic mouse constitutively expressing CS was created. If CS has ribo-toxic effects as suggested by previous study, one would expect at least some defect in CS transgenic mouse, however CS-transgenic mouse did not show any defect (Kumar et al., 2006) . Fully grown EEFs occupy as much as 2/3 of the total hepatocyte cytoplasm, and some of the primate species reside in the liver for more than a week without signs of apoptosis (van de Sand et al., 2005) in the host cell, or of inflammatory responses surrounding it (Short et al., 1954) .
In this paper we study the function of CS in the cytoplasm of the liver cells using two rodent malaria parasites, P. berghei and P. yoelii that share most biological properties. We show that CS elicits profound changes in the transcriptional program of the host cell to the parasite's benefit.
RESULTS

The Pexel/VTS Motifs of CS Are Functional
The amino acid sequence alignment of the CS N-terminus from Plasmodium species reveals the presence of two typical pexel/VTS motifs, except that CS from P. vivax and related monkey malaria species have only one motif ( Figure 1A ). To determine whether these putative pexel motifs are functional we transiently transfected P. berghei schizonts with a plasmid encoding the amino terminal region (amino acids 1-74) of P. berghei CS fused to GFP ( Figure 1B ). The analysis by fluorescence microscopy of live blood stage parasites showed that the fusion protein entered the red blood cell cytoplasm ( Figure 1C , WT). To identify which one of the two putative pexel/VTS motifs of P. berghei CS is required for PV translocation, we mutated the critical arginine and leucine residue of each of the two motifs to alanine. Figure 1C shows that both motifs are functional, and that the export of CS is aborted only when both motifs were mutated.
Pexel Mutant EEFs Are Defective in CS Export to the Hepatocyte Cytoplasm Based on the findings above, we targeted both pexel/VTS motifs in full length CS, and obtained a stable mutant parasite by the double crossover method . The schematic representations of the knockout construct and of the expected mutant parasites are shown in Figures 2A and 2B . Upon restriction digestion of the genomic DNA from wild-type and mutant parasite with EcoR V, the expected fragments were 4.0 kb for the wild-type and 7.2 kb for the mutant. Analysis of genomic DNA from the wild-type and cloned mutant parasite confirmed the integration event ( Figure 2B ). Sequencing of a PCR fragment, comprising the CS gene obtained from the genomic DNA of parasite, confirmed the presence of the expected mutation. Pst I and Sac I sites were incorporated next to the sites of the mutation. Digestion of the PCR product obtained from the mutant genomic DNA, with Pst I and Sac I enzymes, provides additional evidence for the presence of the mutation (data not shown).
Next, we fed mosquitoes with the blood stages of the CS pexel/VTS double mutant parasites. The development of the mutant and wild-type parasites in the mosquitoes were then analyzed on days fourteen and eighteen postinfection for the number of oocyst and salivary gland sporozoites, respectively. In the mosquito stages, the development of the CS pexel/VTS double mutant was similar to that of the transfected wild-type. On day 14 the number of oocyst/mosquito was 40 ± 10 (n = 3) for the mutant and 50 ± 15 (n = 3) for the wild-type; the number of oocyst sporozoites/mosquito was 37,000 ± 3,000 (n = 3) for the mutant and 40,000 ± 5,000 (n = 3) for the wild-type; and on day 18 the number of sporozoites/salivary gland was 13,000 ± 2,000 (n = 5) for the mutant and 15,000 ± 4,000 (n = 5) for wild-type. By light microscopy, the CS pexel/ VTS mutant sporozoites were indistinguishable from transfected wild-type. The gliding motility patterns were similar in both mutant and wild-type ( Figure S1A in the Supplemental Data available with this article online). In wildtype sporozoites, the CS protein is cleaved at the N-terminal by a parasite cysteine protease, and this processing is required for parasite infectivity (Coppi et al., 2005) . Although several substitutions were introduced in the amino terminus of the pexel/VTS of the CS mutants, the protein was processed correctly ( Figure S1B ). In short, we did not detect any abnormality in the mosquito stages of the pexel/VTS mutant sporozoites.
We then compared the abilities of the mutants and wildtype salivary gland sporozoites to invade and complete the cycle in HepG2 cells. We found no significant differences in the invasion ability of the two parasites. In 500 events counted, mutant and wild-type parasites inside HepG2 cells were 47 ± 3% and 48 ± 3%, respectively. We then analyzed the infected cells for the presence of CS in the cytoplasm between one to three hours after sporozoite invasion when the presence of cytoplasmic CS is at a peak. While CS was found in the cytoplasm of every HepG2 cells infected with wild-type sporozoites, CS cytoplasmic staining was absent in 90% or more of cells infected with the mutants (Figures 2C and 2D ). We conclude that the pexel/VTS motifs of CS are required for crossing the PV membrane.
Pexel/VTS Mutant EEFs Are Defective in Development
Although the infectivity of the pexel/VTS mutant parasite is indistinguishable from the wild-type, the mutation was associated with a profound developmental inhibition of EEFs. At forty-eight hours post infection, when the EEFs are close to their maximum size, the amount of parasitespecific ribosomal RNAs (rRNA) in the rat liver was 14 ± 3 times lower in mutants than in the wild-type ( Figure 2E ). We also compared numbers and sizes of the EEFs (developing inside HepG2 cells) by fluorescence microscopy. We found that mutant EEFs were fewer in number (2.5 ± 0.3 times) and smaller in size (3 ± 1 times) when compared to the wild-type ( Figure 2F ). When 3,000 mutant sporozoites were injected into rats, there was a delay of one day in the appearance of infected erythrocytes as compared to identical wild-type inoculums. Nevertheless the blood stages developed normally, the mutants produced normal gametocytes, and a new mutant cycle could be established. We tested in vitro whether exogenous expression of CS could complement the CS pexel mutant growth defect. Figure 2G shows that CS complements the growth defect in a dose dependent manner. Using 0.9 mg plasmid per 200,000 HepG2 cells, we achieved a 6-fold increase in the CS pexel mutant parasite growth.
CS Localizes to the Host Nucleus at Early Stages of Hepatocyte Infection
To study the kinetics of the entry of CS into the cytoplasm of the HepG2 cells, we performed a time-course analysis of infection with P. berghei. We found that, at early time points, the EEFs surrounded the hepatocyte nucleus and, unexpectedly, that CS was present not only in the cytoplasm but also inside the nucleus of the HepG2 ( Figure 3A and Figure S2 ). Identical results were obtained with P. yoelii (not shown). The intra-nuclear CS signal peaked at two hours after sporozoite invasion of hepatocytes, diminished gradually afterwards, and was undetectable after eight hours ( Figure 3B ), suggesting that CS was actively exported out of nucleus. Indeed, following treatment of the infected hepatocytes with leptomycin B, a specific inhibitor of the Crm1 pathway which is involved in nuclear export of proteins and certain classes of RNAs (Fornerod et al., 1997) , CS remained much longer inside the nucleus (Figure 3B and 3C) . The infected cells do not show a very strong accumulation of CS in the host nucleus. To avoid the complications of signal overflow arising from the very large quantities of CS associated with parasite, and to provide additional proof that CS localizes to the host nucleus, we expressed DCS transiently in HeLa cells. Figure S3 shows that CS is present inside nucleus and in the cytoplasm.
The NLS of CS Is Functional
Deletions in the CS gene combined with inducible translocation trap (ITT) methodology (Hoshino et al., 2004 (Hoshino et al., , 2006 was used to localize the CS NLS. Various segments of a P. yoelii ''humanized'' CS (codon optimized) gene were cloned in frame in the vector pLGV, and nuclear import in the reporter cell was monitored as described by Hoshino et al. (2004) . As negative and positive controls, we used the empty vector and the NLS of SV40 T-antigen, respectively. A typical flow cytometric analysis result using the above system is shown in Figure 3E . The deletion mapping analysis ( Figures 3D and 3F ) localized a NLS to the sequence VRVRKRKNV and indicates that there is only one NLS in CS (see constructs 10, 11 and 12 in Figure 3G) . The results of the flow cytometric analysis of the various constructs are also shown in Figure 3G . The NLS function of CS was further validated by transfecting HeLa cells, with plasmids expressing aldolase, a cytoplasmic protein, either alone or fused to the NLS of CS. Only the aldolase fusion protein accumulated into the HeLa cell nucleus ( Figure 4A panels a, b). Using the classical nuclear import assay with digitonin-permeabilized HeLa cells (Adam et al., 1992) , we documented the energy-dependent nuclear import of rhodamine-labeled BSA coupled to a synthetic peptide encoding the CS NLS ( Figure 4B , panel f). The rhodamine-labeled BSA control showed no nuclear accumulation under the same conditions ( Figure 4B , panel e). The transport of CS NLS coupled to BSA was competed with molar excess of the CS NLS peptide ( Figure 4B , panel g) but not with an unrelated control peptide derived from the WASP protein (data not shown). In addition, nuclear import of rhodamine-labeled CS-NLS was abolished in the presence of an inhibitor of nuclear transport, wheat germ agglutinin (WGA), and considerably reduced at low temperature (data not shown).
The importin a3/b1 Pathway Mediates Nuclear Import of CS To identify the importin(s) that CS uses to enter the nucleus, we performed in vitro pull-down assays using various recombinant proteins of the importin a family, and in vitro transcribed and translated full-length CS or DCS (CS38-328). We reasoned that CS is processed at the N-terminal (Coppi et al., 2005) , and that the removal of a portion of the N terminus might influence the exposure of the NLS. However, we found that both full length CS and DCS interacted strongly with importin a3 and weakly with importins a4 and a6 ( Figures 4C and 4D ) . Full-length CS also interacted weakly with a1, a5, and a7 ( Figure S4 ) . Furthermore, we have demonstrated the interaction of known substrates with different importin alphas as positive controls ( Figure S4 ). Although the interaction of CS with these importins is likely direct, we cannot exclude the possibility of an adaptor molecule since the experiments were performed in the presence of reticulocyte lysate.
The binding of CS to importin a3 was abolished after deletion of the nine amino acid residues that encode the NLS. Thus, similar to various regulatory molecules like NFkB (Fagerlund et al., 2005) , STAT3 (signal transducer and activator of transcription-3) (Liu et al., 2005) and RCC1 (regulator of chromosome condensation) (Talcott and Moore, 2000) , CS is imported into the nucleus preferentially via the importin a3/b1 pathway. Pull-down assays were also used to identify the critical residues in the CS NLS sequence 1-VRVRKRKNV-9 that interact with importin a3 . We found that mutation of R2R4R6 to T2T4T6 abolishes the binding activity of CS to importin a3 ( Figure 4D ), which is characteristic of this type of NLS (Lange et al., 2007) .
CS Enhances EEF Growth in an NLS-Dependent Manner
The striking inhibition of the EEF development in the CS pexel/VTS mutants suggests that the entry of CS into the cytoplasm and/or in the nucleus of hepatocytes enhances EEF growth. As a direct approach to study this question we transiently transfected Hepa 1-6 cells with plasmids expressing P. yoelii CS, DCS, or DCS-DNLS. Twenty-four hours posttransfection, hepatocytes were infected with P. yoelii sporozoites, and 42 hr postinfection, we measured parasite 18S rRNA copy number by real-time RT-PCR. We found a significant increase in the 18S rRNA copy number in Hepa 1-6 cells transfected with DCS as compared to control cells transfected with either fulllength CS or empty vector ( Figure 5A ). These differences are not due to a difference in expression levels (Figure 5A inset). Absence of NLS (DCS-DNLS) abolished the observed growth with DCS indicating that the NLS has a role in the observed enhancement of EEF development. Addition of SRY (sex-determining region on the Y chromosome) cNLS (RPRRKAK) (Sudbeck and Scherer, 1997) to DCS-DNLS restored CS nuclear import ( Figure S5 ) and CS mediated growth enhancement ( Figure 5B ). We also counted the EEF numbers in Hepa 1-6 cells transfected with DCS (131 ± 11) or vector alone (126 ± 5) at 44 hr postinfection. There was no significant differences between (F) Graphs show that mutant parasites are fewer in number and are smaller in size as compared to the wild-type. Results are from one of two experiments with similar results. Data represents average of triplicates and SD. Parasite numbers and volume were measured by immunofluorescence microscopy and processed using the Image Pro Plus program (Media cybernetics, USA). WT, wild-type; Mut, CS pexel mutant. (G) Complementation of CS pexel mutant parasite by ectopically expressed wild-type DCS. HepG2 cells were transfected with 0.3 or 0.9 mg of DCSpLGV construct using Lipofectamine 2000 at 1:4 ratio. Twenty-four hours later, CS pexel mutant sporozoites (1000) were allowed to invade. Fortyeight hours post invasion, parasite 18S rRNA copy numbers were measured. Presented is fold increase based on average values of two experiments, each performed in triplicate. Figure 1A .
(E) Representative flow cytometric analysis using the ITT system. The upper right quarter represents a CS protein with functional NLS. (F) CS fragments analyzed in this study. On the right side we state whether the fragments enter the nucleus. Please note that in all the constructs made in pLGV vector, the amino acid number one represents the first amino acid after the signal sequence as marked in Figure 3D . these values (p value > 0.5), indicating that DCS enhances development of the EEFs rather than sporozoite invasion. These results were confirmed by additional experiments in which, the development of EEFs was measured by copy numbers of the merozoite surface protein 1 (MSP1) whose expression starts prior to schizogony, and reaches a maximum toward the end of EEFs development ( Figure S6 ).
CS Inhibits Nuclear Translocation of Transcription Factor NFkB
NFkB binds to importins a3 and a4. Since CS also binds to importin a3 and to a less extent to importin a4, we entertained the possibility that EEFs may interfere with the NFkB entry into the nucleus. To approach this question experimentally, a monolayer of HepG2 cells was infected with P. berghei sporozoites and treated with the proinflammatory cytokine hTNFa to induce NFkB nuclear translocation. Cells were then stained with antibodies to NFkB p50 ( Figure 6A ). When compared to noninfected cells in the same monolayer, there was a profound inhibition of the intensity of the NFkB p50 staining in infected cells (75 ± 20% decrease, range 50%-90%, n = 3 and 50 cells counted per experiment). Similar results were obtained with early (5 hr) and mature (48 hr) EEFs.
To determine whether the inhibition of NFkB nuclear import by EEFs was mediated by CS, we generated HeLa cells expressing DCS under the control of the Tet promoter (Gossen and Bujard, 1992) . HeLa cells were treated with doxycycline followed by hTNFa. The nuclear fractions were separated on SDS-PAGE and probed with antibodies to NFkB p50. We found a significant reduction (2/3) of nuclear NFkB p50 in DCS containing (+ doxycycline) cells ( Figure 6B ). To investigate whether DCS inhibits active NFkB (p50/p65), we performed a gel shift assay. Nuclear extract from TNFa induced HeLa or HeLa-DCS was incubated with biotin-labeled NFkB target duplex oligos and bound complexes were separated on a native gel. Figure 6C shows that CS inhibits 75 ± 5% of NFkB entry into the nucleus.
The presence of CS in the cytoplasm of HeLa cells did not affect the phosphorylation and degradation of IkB ( Figure 6D ), indicating that the steps preceding the NFkB release from its inhibitory complex were not affected. A definite demonstration of NFkB inhibition by CS was achieved by the whole genome microarray analysis (U133 chip) using HeLa cells expressing DCS and comparing it with control HeLa cells not expressing DCS. We found that at least forty NFkB responsive genes were downregulated in the presence of DCS (Table S1 and Figure 6E ). Of were analyzed by SDS-PAGE followed by autoradiography. The amount of GST-importin alphas used in each assay is shown at the bottom panel by Coomassie staining (GST-Imp).
(D) Deletion of the CS NLS (DNLS) or mutation of three arginine residues (3R) abolished the interaction of CS with importin a3. In vitro pulldown assays using immobilized GST-importin a3 (with DIBB) and in vitro transcribed and translated wild-type CS or mutants of CS were performed as in (C). Coomassie stained importin a3 is shown at the bottom panels.
all the genes that were at least four fold upregulated by TNFa treatment, 85% of them were significantly downregulated (>2 fold, p < 0.05) in presence of DCS. Microarray data also confirmed our observation that upstream signaling is not altered in the presence of DCS. The data discussed in this publication have been deposited in NCBIs Gene Expression Omnibus (GEO, http://www.ncbi.nlm. nih.gov/geo/) and are accessible through GEO Series accession number GSE8784.
Next, we infected HepG2 monolayers with the CS pexel mutant or wild-type parasites, treated the monolayers with TNFa, and compared the intensities of NFkB p65 staining in the nuclei of infected and noninfected hepatocytes 48 hr postinfection (Figure 7) . While the wild-type parasites inhibited nuclear translocation of NFkB by approximately 85%, the level of inhibition in the mutants was only 20 ± 10%, ranging from 5%-30% (n = 3 and 50 cells counted per experiment).
Previously, it was reported that, at concentration of 0.1-0.2 mM, CS inhibits protein synthesis (Frevert et al., 1998) in vitro. However, no inhibition was noted in HepG2 cells containing parasites using radio-autography (Frevert et al., 1998) . We used a different approach to study this possibility. We cotransfected HeLa cells with plasmids expressing vector alone or CS in a luciferase reporter gene assay. At 24-48 hr posttransfection, we did not observe any differences in protein synthesis ( Figure S7 ).
DISCUSSION
Plasmodium blood stages develop inside a PV and export to the erythrocyte cytoplasm a group of soluble and membrane virulence proteins that promote infection and parasite survival. These proteins use a signal sequence to enter the secretory pathway, and many bear a conserved pentameric motif required for the passage though the PV membrane. This motif, named pexel/VTS, permitted the prediction in silico of the Plasmodium ''exportome.'' The precise mechanisms that drive pexel/VTS soluble and trans-membrane proteins through the PV have not been elucidated.
EEFs also grow inside a PV, and CS is one of the EEF surface proteins that is exported to the hepatocyte cytoplasm. We show here that the traversal of CS through the PV membrane is mediated by pexel/VTS motifs present at the N-terminal region of CS. We generated a P. berghei mutant parasite, whose CS contained inactive pexel/VTS motifs. The mutant and wild-type salivary gland sporozoites were equally infective for HepG2 cells. As predicted by the results of the transfection experiment, CS did not enter the cytoplasm of most hepatocytes infected with mutants. Mechanistically, it is not known how a pexel/VTS motif guides soluble proteins through the PV membrane. One possibility is that it is a sorting signal that binds to a specialized translocator that move the complex through specific PV pores. The nature of the putative translocator is unknown, but if it exists, it should be shared between EEFs and blood stages. The interaction of CS with the translocator probably take place in the lumen of the PV prior to export (Marti et al., 2005) .
In addition to the N-terminus pexel/VTS motifs, CS has a functional NLS motif encompassing the conserved, positively charged, C terminus region II-plus. A pool of CS enters the hepatocyte nucleus where it is detected by immunofluorescence from 1-4 hr after sporozoite invasion. To reveal the role of the CS translocation from the EEFs into the cytoplasm and nucleus of hepatocytes, we Figure 3F . The p value between the two groups was calculated by two tailed, Students t test method using normalized 18S rRNA copy numbers. Inset shows the expression levels as determined by Western blot analysis. There is no difference in the expression levels between the two constructs. (B) Enhancement of growth is NLS dependent. Copy number of parasite growing inside Hepa1-6 hepatocytes transfected with the indicated DNA inserts in the pLGV vector. Deletion of the CS NLS or mutations in the three arginine-residues of the NLS abolished DCS-mediated growth enhancement. In the case of the DCS with deleted NLS, the growth enhancement was restored by the addition of a heterologous NLS from the SRY protein. Values shown are mean of triplicates with standard deviations. Results are representative data from one of two independent experiments. p values were calculated by one-way ANOVA test. p*, **, ***, **** < 0.05; ***** > 0.05.
analyzed the phenotype of the pexel/VTS mutants of CS. The mutant EEFs were much smaller in size and contained 143 less parasite rRNAs than wild-type. Fewer mutants were detected in the monolayer of infected hepatocytes, suggesting that some mutants did not grow or were too small. The observation that exported CS promotes EEF development was further supported by additional experiments which showed that the EEFs growth is significantly enhanced in hepatocyte cell lines transfected with plasmids expressing DCS, but not full length CS (Figure 5A ). Ectopically expressed DCS complemented CS pexel mutant growth defect in a dose-dependent manner Figure 2E ).
We cannot exclude the possibility that EEF growth is contingent on the entry of CS into the hepatocyte nucleus. However, we favor the idea that the site of CS activity is the cytoplasm, and that the NLS of CS competes successfully with other importins a3/b1 cargos that are noxious to the parasite development. Since EEFs grow embracing the hepatocytes nucleus, the concentration of CS will be larger in the perinuclear region where it should displace transcription factors that bind to importins a3.
It is likely that the growth enhancing mechanism is multifactorial and involves multiple metabolic/signaling pathways. This hypothesis is strongly supported by the microarray data.The list of transcription factors that bind importin a3 is far from complete, but includes NFkB (Fagerlund et al., 2005) , STAT3 (Liu et al., 2005) and RCC1 (Talcott and Moore, 2000) . NFkB controls the expression of multiple genes involved in inflammation (Aggarwal, 2004 ). STAT3 activates a wide variety of genes that control cell proliferation and survival, and in its absence, acute phase response associated with infections is inhibited (Alonzi et al., 2001 ). IL-6 inhibits EEF growth (Pied et al., 1992) and IL-6 secretion is downregulated by the parasite (Pied et al., 1992) . RCC1 regulates the distribution of the small Ran GTPase that provide directionality to nuclear transport between the nucleus and the cytoplasm (Weis, 2003) . Interference with RCC1 by the parasite may disrupt nucleocytoplasmic trafficking.
We observed the effect of EEFs and CS on the traffic of NFkB into the hepatocyte nucleus. After treating a monolayer of infected HepG2 cells with TNFa to activate the NFkB pathway, the entry of NFkB into the hepatocyte nucleus was strongly inhibited in the presence of EEFs as compared to noninfected cells ( Figure 6A ). The inhibition is likely to be at least in part CS-mediated since it is also observed in HeLa cells expressing DCS (Figures 6B and 6C ). Whole genome microarray data (accession number GSE8784) from DCS expressing HeLa cells revealed that at least 40 NFkB targets were more than two-fold downregulated and among them several NFkB targets were more than ten-fold downregulated ( Figure 6E ). Inflammation related genes CCL20 (also known as MIP3 a) and PTGS1 transcripts were sixty-five and twenty-two fold downregulated, respectively (p < 0.05). Inhibin b E (also known as Activin b E) belongs to TGF b family, and induces apoptosis in HepG2 cells (Chabicovsky et al., 2003) . Inhibin b E was fifty-fold downregulated. Folstatins antagonize inhibin action and we found Folstatin-4 was 4-fold upregulated (Table S2 ). The GALC (Galactosyl-ceramidase) transcript was downregulated 10-fold ( Figure 6E ). Glycolipid alpha-Galcer is a known agonist of NKT cells and bind to CD1d receptor expressed on NKT cells (Taniguchi et al., 2003) . Recently it was shown that NFkB also regulates the expression of micro RNA miR-146 a/b (Taganov et al., 2006) . Thus, inhibition of NFkB may indirectly expand the number of affected genes. Our findings thus provide an explanation for the puzzling observation that EEFs grow for many days in the liver without provoking an inflammatory response (Short et al., 1954) .
Microarray data also revealed that CS has targets besides NFkB. Overall 1,000 genes were downregulated and 100 genes were upregulated 2 fold or more (p < 0.05, t test, Table S2 ). These genes govern diverse biological functions such as metabolite transport, cell cycle, immune responses, cell growth, cell attachment, apoptosis and hypoxia and the overall effect is to enhance EEF growth. It remains to be established how CS modulates the non-NFkB target genes.
We conclude that EEFs and the erythrocytic stages of malaria use the same strategies to ensure parasite development in the mammalian hosts. Both stages of Plasmodium reside inside PVs and use the pexel/VTS motif to export virulent proteins into the cytoplasm of the respective host cells in order to promote survival and development of the parasite. Although the mechanisms differ, many micro organisms modify the host environment to their benefit. Competition with importins has been noted in few instances. In the hepatitis C virus, the nonstructural protein 5A (NS5A) appears to compete with substrates that naturally interact with importin b3, but the role of NS5A in viral survival and replication is not known (Chung et al., 2000) . In the case of Ebola Virus, VP24 protein binds to importin a1 and block the nuclear translocation of phosphorylated STAT1 (Reid et al., 2006) . Similar to CS, VP24 is also found in the perinuclear region.
The intracellular apicomplexan parasite, Toxoplasma, that like Plasmodium, develops inside a PV, blocks the translocation of NFkB into the host cell nucleus during early stages of infection (Denkers, 2003; Shapira et al., 2004) . Toxoplasma proteins do not bear pexel/VTS motifs, nevertheless the parasite modulates host cell transcription by injecting polymorphic protein kinases (ROP16 and ROP18) and probably other proteins into the host cell cytoplasm (Saeij et al., 2006 (Saeij et al., , 2007 Taylor et al., 2006) . Toxoplasma also injects into the host cell cytoplasm a parasite phosphatase 2C. The enzyme contains a NLS and enters the nucleus. Disruption of the gene encoding the phosphatase leads to a mild parasite growth defect (Gilbert et al., 2006) .
CS is also a dominant T cell antigen (Kumar et al., 2006) . Thus, the passage of EEF proteins into the cytoplasm of hepatocytes increases the risk of recognition of infected cell by the host's immune system. Nevertheless the CS export from the PV is also central for parasite development. Nuclear NFkB p65 staining in wild-type and CS-pexel mutant infected HepG2 cells. Sixtyeight hour old EEFs were treated with 40 ng/ ml hTNFa for 3 hr and stained with monoclonal antibody to NFkB p65 (2 Ab green), rabbit antibodies to Nup358, and P. berghei aldolase antibody (2 Ab red). EEFs are marked with *.
In the case of wild-type parasite infected HepG2 cells, the nucleus of infected cell (arrowhead yellow) but not of the uninfected cell (arrowhead red), show reduced staining of NFkB p65. Infected and the neighboring uninfected HepG2 cells were identified by optical sectioning. At bottom, CS pexel/VTS mutant infected cell (arrowhead yellow) shows a partial reversal of NFkB nuclear translocation. Nucleus of uninfected cell is marked with a arrowhead (red). While the wild-type parasites inhibited nuclear translocation of NFkB p65 85%, the level of inhibition in the mutants was only 20 ± 10%.
This is an example of the delicate balance that must exist to permit the simultaneous parasite and host survival. The identification of the secretome of EEFs will most likely provide new targets for drug and vaccine development and a better understanding of EEF biology. Computational methods indicate that less than twenty five proteins of sporozoites contain the pexel motif (Marti et al., 2004) and may enter the hepatocyte cytoplasm. Large strides can probably be made, by analyzing the function of other members of the EEF exportome. CS plays a central role in several stages of the parasite life cycle. It is essential for sporozoite development in the oocysts , for the exit of sporozoites from oocysts (Wang et al., 2005) , for their entry into the salivary gland of the mosquitoes (Myung et al., 2004) , for the attachment and invasion of hepatocytes (Cerami et al., 1992) and as shown here for EEF development. Thus CS is a master regulator of Plasmodium pre-erythrocytic stages development.
EXPERIMENTAL PROCEDURES Transfections
Mutant parasites were generated by the double crossover replacement method . Cloning and Southern blot analysis were performed as in Wang et al., 2005. In Vivo and In Vitro Growth Assay C57BL/6 mice or S/D rats were injected intravenously with 40,000 sporozoites. For infection by bite, ten infected mosquitoes/young rat were used for 10 min. Forty-eight hours postinfection RNA was extracted from the liver. For in vitro growth measurement, Hepa1-6 cells, grown in 24-well plates, were transfected with 0.8 mg of the indicated plasmids. Twenty-four hours post transfection, 30,000 P. yoelii sporozoites were added, and RNA was extracted forty-two hours post infection. Real-time PCRs to measure parasite rRNA (Bruna-Romero et al., 2001) were performed with 18S rRNA primers and copy number normalized by host GAPDH copy numbers.
EEF Number and Size Measurements
Hepa1-6 or HepG2 cells were seeded on coverslips and P. yoelii or P. bergehi sporozoites were used for infection. Coverslips were fixed, permeabilized, and subjected to immunoflourescence staining with anti-HSP70 antibody (Tsuji et al., 1994) . The number of EEFs was counted in a fluorescence microscope. To measure EEF size, mature EEFs were imaged using a fluorescence microscope at 1003 magnification. Radius and area measurements were done using Image Pro Plus program (Media Cybernetics, USA).
Gliding Motility and Double Staining of Sporozoite
Gliding assay was performed as described by Stewart (Stewart and Vanderberg, 1991) and parasite double staining was previously described by Renia (Renia et al., 1988) .
CS Distribution in the Hepatocytes
HepG2 cells were seeded onto glass coverslips one day prior to invasion with P. berghei sporozoites. Cells were fixed, permeabilized and subjected to immunoflourescence staining with anti P. berghei-CS (3D11) and anti-Nup358 antibodies (Wu et al., 1995) . To monitor the inhibition of export, leptomycin B was added at 6 ng/ml 1 hr after addition of sporozoites. Images were captured on a Nikon Eclipse 800 microscope at 100x magnification and deconvolution was performed iteratively using the 2-D Blind method.
ITT Methodology Using CS Constructs
Deletions or point mutation of CS were made in the pLGV vector (Hoshino et al., 2004) . P. yoelii CS fragments (codon sequence humanized) were introduced in the Hind III-Not I sites of the pLGV vector. Each pLGV derived plasmid was cotransfected with equal amounts of ectopic helper vector (psi2) into 293T cells, and incubated for fortyeight hours to obtain the replication-deficient retroviruses in the culture supernatant. Mouse hematopoietic Ba/F3-derived BL2 cell line with the human CD2 (hCD2) reporter gene integrated in the genome under control of LexA operator (8x-LexA) were infected with virus encoding various CS sequences and incubated for 48 hr to allow expression of the reporter gene (hCD2). Two days postinfection, BL2 cells were stained with anti-hCD2 antibody and with a secondary antibody coupled to phyco-erythrin (PE). Stained BL2 cells were analyzed for GFP and hCD2 with FACS Calibur cytometer (BD Biosciences).
Aldolase-NLS Fusion Proteins
The P. falciparum aldolase gene alone or fused to CS NLS were cloned into pCDNA3.1A (Invitrogen) at Hind III-Not I sites. A Kozak sequence was also inserted at the Hind III site. HeLa cells were transfected with these plasmids and, after 24 hr, cells were fixed, permeabilized, and stained with antibodies against the P. falciparum aldolase, and with anti-Nup358 antibodies. The antibodies to the parasite aldolase do not react with mammalian aldolases (C.A.B., unpublished data).
Import and In Vitro Binding Assays
Nuclear import assay was performed (Adam et al., 1992) using the rhodamine-labeled BSA coupled to CS-NLS. Expression of importins, purification, and in vitro binding assays were carried out as previously described (Fontoura et al., 2000; Faria et al., 2005 ) using 10 ml in vitro translated CS proteins and 1 mg importins. Bound and unbound fractions were separated on SDS-PAGE and analyzed by autoradiography.
Immunofluorescence and Microscopy for NFkB EEF-containing HepG2 cells were treated with hTNFa (Upstate Cell Signaling) for 3 hr and subjected to immunofluorescence staining with anti-NFkB p50 or p65 monoclonal antibody (Santa Cruz Biotech). Parasites and host nuclear membrane were detected with antibodies to aldolase (Buscaglia et al., 2003) and Nup358 (Wu et al., 1995) respectively. Intranuclear NFkB intensity was measured by the Image pro plus program.
Nuclear NFkB p50 and Phospho-IkBa Measurements in TNFa-Treated Cells HeLa cell clones expressing DCS under the control of the tet promoter were generated using the Retro-Tet-ONÔ system (BD Biosciences). The HeLa cell clones were treated with 1 mg/ml doxycycline for 16 hr followed by hTNFa (20 ng/ml) for six hours. Cytoplasmic and nuclear fractions were prepared using NE-PER Kit (Pierce). Equal amounts of cytoplasmic or nuclear fractions were separated on SDS-PAGE, transferred to PVDF membrane, and probed with the NFkB p50 monoclonal antibody followed by ECL reagent (Amersham Biosciences). The membrane was stripped and re-probed with anti-SP1 and anti-b actin (Sigma,). Phosphorylation and degradation of IkBa was analyzed from HeLa-tet-DCS cells treated with 1 mg/ml doxycycline for 16 hr followed by hTNFa (20 ng/ml) for 0, 10, and 50 min. Fifty micrograms of total cell lysate was then transferred to a PVDF membrane and probed with antiphospho IkBa antibody.
Gel Shift Assay
NFkB target oligos (sense) 5 0 -AGTTGAGGGGACTTTCCCAGGC-3 0 and (anti) 5 0 -GCCTGGGAAAGTCCCCTCAACT-3 0 were biotin labeled using biotin 3 0 end DNA labeling kit (Pierce). Oligos were annealed and used directly. The binding mixture (20 ml) containing 13 binding buffer, KCl 50 mM, MgCl 2 5 mM, ZnCl 2 1.5 mM, glycerol 5%, 0.05% NP-40, 50 mg/ml Poly I:C (Lightshift EMSA kit, Pierce), 20 femto-mole annealed oligo, and 50 mg nuclear extract was incubated at 25 C for 30 min. Bound complexes were separated on 5% Native PAGE and visualized using chemiluminescent DNA detection kit (Pierce).
Gene Chip Analysis
To determine the effect on genes regulated by NFkB, HeLa cells bearing the DCS construct were first induced with doxycycline for 17 hr and then exposed to TNFa (40ng/ml), RNA samples were collected after 6 hr, labeled, and hybridized to high density Affymetrix arrays (U133).
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